oltage-gated sodium channels play an important role in the generation and propagation of action potentials in excitable cells. They are composed of a pore-forming α subunit and auxiliary β subunits. To date, nine subtypes of the α subunit, designated Nav1.1 to Nav1.9, have been shown to form functional sodium channels. In addition, four different mammalian β subunits (β1-β4) isoforms have been cloned from the nervous system. 1 The β subunits are structurally homologous and form single transmembrane glycoproteins with short intracellular loops and immunoglobulin-like extracellular segments. The association of the various α subtypes with different combinations of auxiliary β subunits creates the possibility of additional molecular and functional complexity for neuronal sodium channels. Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are predominantly expressed in the central nervous system while Nav1.7, Nav1.8 and Nav1.9 are principally found in the peripheral nervous system. 2 The Nav1.3 α subtype has attracted interest recently because its expression is dramatically up-regulated in nociceptive sensory neurons after peripheral nerve damage, perhaps contributing to the pathophysiology of neuropathic pain. 3 Theoretically, no matter how the expression of the Nav1.3 α subunit is changed in neuropathic pain, the function of the Nav1.3 α subtype should be modulated by β subunits. The aim of this study was to examine the effects of cloned rat β1 subunit on Nav1.3 function.
METHODS

Molecular biology
Total RNA was isolated from neonatal Sprague-Dawley rat dorsal root ganglion (DRG) by using the Trizol reagent (Life Technologies, Ontario, Canada). Rat DRG RNA was reverse transcribed using Superscript (Life Technologies) and the rat Nav1.3 α subunit cDNA was isolated and subcloned into the pSP64T Xenopus oocyte expression vector as described previously. 4 The pSP64T vector contains a fragment of the globin gene which increases stability of the injected cRNA in the Xenopus oocytes when co-transcribed with the Nav1.3 channel. The rat β1 subunit cDNAs were isolated from the DRG library and subcloned into pGEM3z vectors. Complementary cRNAs were prepared by the T7 (β1 subunit) or SP6 (Nav1.3) mMessage mMachine kit (Ambion, Texas, USA).
Expression in Xenopus oocytes
All Xenopus (provided by Ji Yong-hua's laboratory in Academy of life science of Shanghai University) were anesthetized with dry CO 2 . Ooxytes were taken out and maintained in ND96 solution (NaCl 96 mmol/L, KCl 2.0 mmol/L, CaCl 2 1.8 mmol/L, MgCl 2 1.8 mmol/L, and HEPES 5.0 mmol/L, pH 7.4) supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml) and gentamycin (50 mg/ml), which stored in refrigerator at 17℃. Healthy oocytes were selected and 50 nl of cRNA was microinjected into each oocyte. Equal amounts of Nav1.3 and β1 subunit cRNAs, at concentrations of 2 µg/µl, were microinjected into the oocytes. Oocytes were stored at 18 ℃ and used for experiments 2-4 days post-injection.
Electrophysiological recording in Xenopus oocytes
Oocytes injected with the cRNA were placed in a rectangular chamber (about 100 µl volume) and continuously perfused with Frog Ringer solution using a peristaltic pump. The Ringer solution contained (in mmol/L) 90 NaCl, 2 KCl, 1.8 CaCl 2 , 2 MgCl 2 , and 5 HEPES at pH 7.6. The whole-cell sodium currents from cRNA-injected oocytes were measured via two-microelectrode voltage clamps at room temperature (22˚C). The oocytes were impaled with <2MΩ electrodes containing 3 mol/L KCl and were voltage clamped with an OC-725 oocyte clamp (Warner Instruments, Hamden, CT). Currents were filtered at 1.5 kHz with an eight-pole Bessel filter and were sampled at 10 kHz. Data were acquired and analyzed with pClamp software v 8.02 (Axon Instruments). The oocytes were held at -100mV and depolarized from -50 to +50 mV in 10mV increments. 
V
Peak current amplitude during each activation step was used to generate G-V curves. Activation G-V curves of the channels were plotted using the following Boltzmann equation:
, for which the G values for each clamped oocyte were determined by dividing the peak sodium current by the test voltage; V is the test voltage, V 1/2 is the voltage at which the channels are half-maximal activated and K v is the slope factor. Time constant of inactivation was determined by fitting the current decay to a single exponential function. The time constant was plotted versus the test voltage: I=A1×exp(-t/τ h )+C; where I is the current, A1 is the percentage of channel inactivating with the time constant τ h , t is time and C is the steady-state asymptote.
Statistical analysis
Results of representative measures were expressed as mean±SD. The currents of a group of oocytes injected with the α subunit of Nav1.3 were compared directly with those of oocytes coinjected with the α and β1 subunit. One-way analysis of variance and the Student's t test were used to evaluate the significance of changes during co-expression of both α and β1 subunits. The results were considered significant when P values ＜ 0.05 were achieved. All analyses were conducted using the statistical package program SPSS 10.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
β1 subunit increased peak current of Nav1.3 channel significantly The whole cell sodium currents of oocytes injected with Nav1.3 (n=9) and Nav1.3 together with β1 subunit (n=11) were compared. Sodium currents were elicited by step depolarizations between -50 mV and +50 mV from a holding potential of -100 mV for 400 ms (Fig. 1) . The Nav1.3 currents and Nav1.3+β1 currents activated at -30 mV and peaked at 0 mV. The peak currents of Nav1.3 and Nav1.3+β1 was (1230.4±105.5) nA and (2052.3±118.6) nA, respectively. Co-expression with β1 subunit increased the sodium current of oocytes expressing Nav1.3 by 1.7-fold. β1 subunit had small shift on activation G-V curve of Nav1.3 channel The activation G-V curves of Nav1.3 and Nav1.3+β1 channel, fitted by the Boltzmann equation, were shown in Fig.2 . β1 subunit had little effect on the activation G-V curve of the Nav1.3 channel, which shifted the G-V curve to more hyperpolarized potentials. The V1/2 of Nav1.3 and Nav1.3+β1 channel were (-6.7±2.6) mV and (-10.6±3.2) mV, respectively. β1 subunit accelerated inactivation of Nav1.3 channel significantly In the absence of the β1 subunit, the inactivation of Nav1.3 was slow. When coexpressed with the β1 subunit, the inactivation was more rapid. To quantitate the changes in decay rate, we fitted the currents to a single exponential function. Co-expression of the β1 subunit with Nav1.3 caused significant acceleration of current decay kinetics at a wide range of voltages from -30 mV to +50 mV (Fig. 3) . 
DISCUSSION
In the present study, we have studied the effects of the β1subunit on the Nav1.3 sodium channel with the cRNA of rat DRG expressed in oocytes. Our results show that the β1 subunit modifies the functional properties of the Nav1.3 sodium channel. Co-expression of β1 subunits increased the peak current of the Nav1.3 channel significantly, accelerated inactivation and slightly shifted the activation G-V curve to more hyperpolarized potentials. Thus, these multiple functional effects of the β1 subunit on the Nav1.3 α subunit indicate the complex properties of sodium channels. Logically, the modulatory effect of the β1 subunit on the Nav1.3 subunit will induce the channel to be more easily depolarized. In contrast, when rat brain Nav1.3 sodium channels expression in human embryonic kidney (HEK) 293 cells had been studied, co-expression of β1 with Nav1.3 channels in HEK 293 cells have neither a major effect on inactivation, nor shift the activation G-V curve significantly for Nav1.3 channels. 5 We think that a possible explanation for the difference in results compared with our study may be the different expression system. The expression in HEK293 cells may induce a different property to sodium channels compared with the cRNA expressed in oocytes.
Modulation of the β subunits gating properties is variable for different channel isoforms. For instance, co-expression of β2 with the brain Nav1.2 channel causes a positive shift in the activation G-V curve but little effect is observed for the Nav1.3 channel. Also Vijayaragavan recently showed that the β1 subunit alone, or in combination with other β subunits, accelerated the time constant of inactivation, shifted the voltage-dependence of activation to more hyperpolarized potentials and increased the levels of Nav1.8 channel functional expression. 6 The mechanism by which the β1 subunit modifies the modal gating behavior of sodium channels is not clear. It has been suggested that the C-terminal cytoplasmic domain of β1 is an important determinant of β1 binding to the sodium channel α subunit in both mammalian cells and Xenopus oocytes. The transmembrane segment of β1 is more important for cardiac Nav1.5 modulation of expression and gating, while for Nav1.2 the extracellular segment of β1 subunit is the crucial molecular determinant. 7 Sodium channels play an important role in neuropathic pain, the inhibition of sodium channel currents may account for the analgesic effect of sodium channel antagonists.
8 Nav1.3 channels are expressed primarily at early stages during development and are almost undetectable in the normal adult nervous system. Normally, the Nav1.3 subunit is unable to be detected in the small DRG neurons where the β1 subunit is predominant. However, Nav1.3 channels are reexpressed in small DRG neurons after some models of neuropathic pain; such as axotomy, chronic constriction injury and partial sciatic nerve ligation. 3 Thus, the modulation of the β1 subunit on the Nav1.3 subunit will have an important impact on the excitation of DRG neurons. Changes in the sensitivity of the channel to voltage, due to shifts in the voltage-dependence of activation caused by β subunits, are important in excitation of neurons. Even small shifts in voltage-dependence of activation caused by the β subunit can be critical to the response of a neuron to its synaptic input since excitatory potentials depolarize neurons by only a few millivolts. 8 Furthermore, the other modulatory effects on the Nav1.3 channel by the β1 subunit, including increased peak currents and rapid inactivation, are some additional factors that may contribute to the hyperexcitability of the DRG neurons during the pathophysiology of neuropathic pain.
In conclusion, our results suggest that the Nav1.3 sodium channel can be modulated by β1 subunits, which may provide an important clue for investigating the mechanism of neuropathic pain.
